Vertical flux and biogeochemical turnover regulate nutrient limitation of net organic production in the North Pacific Gyre Abstract-Water samples collected at a station in the North Pacific Gyre near Hawaii precisely define the temporal average vertical profile of dissolved inorganic and organic N and P (DON and DOP). DON and DOP concentrations decrease with depth. As shown by other studies, the regression of NO,-(with or without NH,+) vs. POd3-yields an approximately Redfield slope and a negative nitrogen intercept. If DON and DOP are included in the regression equation, the intercept approaches 0.
Vertical flux ratios of dissolved materials are calculated with a one-dimensional diffusion model. Downward mixing of DON offsets about 6% of the upward NO,-flux; downward DOP mixing offsets only about 4% of the upward POd3-flux. Net production of particulate organic matter in the euphotic zone is N limited because of slow biochemical turnover of dissolved organic N relative to that of dissolved organic P and to downward mixing.
Nitrogen and phosphorus have long been implicated as the materials most likely to limit organic carbon production in the sea (e.g. Redfield et al. 1963) . Geochemical reasoning suggests that P limits the long term net accumulation of organic matter in the oceans taken as a whole (e.g. Redfield 1958; Broecker and Peng 1982) , while biological evidence points to N as the nutrient most limiting to primary production in the North Pacific Gyre (Thomas 1966; Perry and Eppley 198 1) . We present here a simple massbalance analysis which appears consistent with these apparently discordant views of nutrient limitation.
During a site selection survey west (leeward) of Oahu, Hawaii, for an ocean thermal energy conversion (OTEC) plant, Noda et al. (198 1) accumulated a data set that provides insight into the vertical distribution and flux of N and P in the North Pacific Gyre. The primary novel value of this data set is that a large number of replicate samples through the mixed layer and "nutriCline" precisely define the distribution of dissolved organic, as well as inorganic, N and P. The original technical report considered analytical characteristics of those data in considerable statistical detail but did not address their biogeochemical significance. Bienfang et al. (1984) discussed the phytoplankton productivity at the same site. Samples were collected from each of 13 depths between 0 and 900 m on triplicate casts at each of two adjacent sites six times over the course of a year. The average position of these stations was 21"22'N, 158"14'W, about 10 km west of Oahu. A few samples were lost, leaving a remaining data set of 460 water samples. Because there were no statistically significant differences in nutrient composition between the two sites or among sampling times, we have collapsed the data into a time-averaged profile.
Water samples were collected in plastic Niskin bottles, filtered through precombusted Whatman GF/C filters into polyethylene bottles prewashed with 10% HCl and distilled water, and frozen. It has become accepted that seawater samples must be processed fresh for high-precision, especially for low-level, inorganic nutrient analysis (Morse et al. 1982) and for all NH,+ analyses (Carpenter and McCarthy 1975; Parsons et al. 1984) . We conclude from repeated controlled experiments that filtered, frozen seawater samples can be held indefinitely for high-precision inorganic nutrient analysis without analytically significant deterioration of precision. We do recognize significant problems with day-to-day accuracy (+0. Inorganic nutrient analyses were performed on a Technicon AutoAnalyzer II, generally following procedures given by Strickland and Parsons (1972) . Total dissolved N and P were determined after ultraviolet oxidation (Armstrong et al. 1966) . Lamp checks yielded > 9 5% recovery of soluble organic N (2, 2'-bipyridyl) and >97% recovery of soluble organic P (B-glycerolphosphoric disodium salt). Dissolved organic N and P (DON, DOP) were calculated as the difference between total and inorganic N and P. Standard deviations (PM) on precision of duplicate analyses of shallow and deep water samples were: POd3-(0.02,0.08), total P (0.04, 0.05) N03-(0.02, 1.3), NH4+ (0.04, 0.04), total N (0.4 1, 1.4). Accuracy, expressed as average 95% C.I. around individual data points above and below 100 m, is illustrated on Fig. 1 .
When this paper was first written, we could find few other sources of data on the vertical distribution of NH,+ and dissolved organic nutrients (DON, DOP) in the North Pacific, with two minor exceptions: Holm-Hansen et al. (1966) and Williams et al. (1980) . A substantial data set has now been published by Jackson and Williams (1985) and many of their observations are similar to our own. We proceed here nevertheless, because the conclusions we derive are more oriented toward implications of net nutrient flux than the discussion of nutrient cycling that they presented. Figure 1 summarizes mean vertical distributions of PO 43-, DOP, N03-(+NO,-), N&+, and DON at the OTEC site. Although there may be subtle island-mass effects associated with the location of the profile (see Gilmartin and Relevante 1974; Bienfang et al. 1984 ), we do not believe that such effects significantly alter the biogeochemical significance of the profile. The N03-and POd3-profiles are similar to pro- does productivity in the surface ocean appear to be limited by N, not P (Thomas 1966; Perry and Eppley 198 l) ? The remainder of our discussion addresses this question.
N and P in the euphotic zone of the North Pacific Gyre exist in a steady state between upward flux of dissolved inorganic nutrients, incorporation into particulate and dissolved organic matter, fallout of particles, and downward diffusive flux of dissolved organic matter. The conversion from dissolved inorganic nutrients to particles is biotic, and that biotic conversion process "leaks" dissolved organic materials into surface waters.
We concur with the discussion of Jackson and Williams (1985) , pointing out that the DON and DOP must include labile compounds, and we recognize that such labile compounds must be cycled within the food web of the upper water column. The additional point we wish to make is that the downward decrease in these dissolved organic materials must result in net DON and DOP losses from the photic zone through mixing. There is net DON and DOP production in surface water, downward diffusion, and net utilization at depth. We use the following simple calculations to evaluate the importance of net DON and DOP transport out of the photic zone, relative to net upward transport of dissolved inorganic nutrients into the photic zone. Broecker ( 1974) recommended the use of the synthetic variables "NO" and "PO" as conservative water mass tracers below the mixed layer. These variables (calculable from the oxygen data presented by Noda et al. 198 1, plus the nutrient data given here) plotted against water temperature through the nutricline at the OTEC site yield straight lines, suggesting that flux of dissolved nutrients to and from the euphotic zone can be represented by vertical mixing. Diffilsive flux (F) moves dissolved materials down the vertical concentration gradient (dC/dZ), scaled by some vertical mixing coefficient w F = -k x dC/dZ.
(1)
Much of the discussion to follow is related to flux ratios, rather than to absolute fluxes. It follows from Eq. 1 that
The flux ratios do not require an independent knowledge of k, so they are better constrained by the immediate data set than are the absolute fluxes. Table 1 summarizes selected flux ratios scaled relative to N03-and POh3-and calculated according to Eq. 2. Figure 4 presents an idealized diagram of vertical dissolved and particulate N and P fluxes. For convenience of discussion, the fluxes have been scaled according to Eq. 1 with the value for k estimated by Li et al. (1984) for the North Pacific Ocean (1.8 cm2 s-l). Other reasonable choices of k would not materially affect our arguments, although the absolute fluxes would be resealed accordingly (e.g. see Platt et al. 1984) .
Terrestrial inputs and net sedimentation are assumed to be negligible, so long term steady state vertical flux of particles and dissolved materials must sum to 0. Nitrogen fixation is a slow, but conceptually important, process (the rate we use is taken from Capone and Carpenter 1982) . Denitrification is assumed, for the sake of our onedimensional model with no net watercolumn losses or gains, to equal nitrogen fixation.
The zero NH,+ gradient indicates that there is no net flux of this form of N. Because NH4+ is well known to be actively taken up and released, the lack of a gradient probably indicates rapid cycling, relative to diffusive flux, rather than lack of NH,+ turnover.
Downward DON flux from surface water Fig. 4 . Schematic diagram illustrating net fluxes among major nutrient reservoirs in the oligotrophic ocean. Fluxes of both dissolved and particulate fixed N and P between the "boxes" within both the photic zone and aphotic zone are mediated by organic metabolism. Nitrogen fixation and denitrification are represented by the pipe from the atmosphere, through the photic zone, and to the aphotic zone. Exchange of dissolved material between the photic zone and the aphotic zone is by vertical diffusion. Particle flux (by fallout) balances diffusion and the nitrogen fixation minus denitrification reactions. It is assumed that there are no net losses or gains. Fluxes are in pmol m-2 d-l.
at the OTEC site accounts for 6.4% of the upward N03-flux, while downward DOP flux accounts for 4.3% of the upward POa3-flux (Table 1) . The remaining nutrients derived from upward mixing of inorganic nutrients, plus any fixed nitrogen originating from nitrogen fixation, must fall out of the photic zone as particles in order to prevent accumulation. Relative to the upward NO,-: POd3-flux ratio, 50% more N than P (i.e. 6.4/4.3) leaves the euphotic zone as dissolved organic matter. This budgetary result is entirely consistent with the slight (but, according to the data of Jackson and Williams 19 8 5, statistically significant) downward shift in the regression slope of dissolved N vs. P when DON and DOP are included along with N03-, NH4+, and POd3-. The net uptake rate of both DON and DOP released in surface waters must be slow in comparison with the time required for downward mixing; net DON uptake is apparently somewhat slower (relative to nutrient cycling) than net DOP uptake.
With respect to the mixed-layer nutrient pools, the dissolved organic nutrients that diffuse downward have not turned over rapidly enough to be available for net particle accumulation within the euphotic zone; this dissolved organic matter must eventually be remineralized deeper in the water column, if there is no cumulative buildup of dissolved organic matter at depth.
The excess loss of DON, relative to DOP, to downward diffusion is 2.1% (6.4 -4.3) of the upward N03-flux. This excess downward DON loss apparently is about 30 pmol N m-2 d-l (0.021 x N03-diffusion). This estimated excess N loss is about 75 times the estimate of Capone and Carpenter (1982) of N fixation in the Pacific Ocean, although there remains some question about that rate (Martinez et al. 1983) . The product of specific-N fixation rate times biomass of nitrogen-fixing organisms would have to increase by this factor-if there is no loss of the newly fixed N to the DON pool-in order to prevent nitrogen limitation of the surface water. The nitrogen fixation rate never catches up with the excess DON loss from surface waters. The specific growth rate of nitrogenfixing organisms is governed by nutrient concentration, and particle fallout prevents sufficient biomass accumulation to overcome the DON leak.
The phenomenon of N limitation can apparently be explained as being a result of the net biochemical turnover rates of DON and DOP in the euphotic zone relative to diffusive transport from it, rather than being the result of an inherent shortage of total fixed nitrogen in the water column. As suggested by Smith (1984) , dominance of inorganic nutrient availability by physical fluxes over internal transformations can result in local N limitation. Dominance of nutrient availability by physical flux apparently describes the euphotic zone at the OTEC site, but not the water column as a whole. The regression intercept of about 0 for total N vs. total P (Fig. 3 , and Jackson and Williams 198 5) suggests that the accumulated fixed N and P in the water column exactly balance one another. Accumulation of fixed N in the photic zone is the obvious way to achieve that balance. Confined aquatic ecosystems, whether freshwater or marine, can be P limited, and the water column as a whole is an example of such a confined system (Smith and Atkinson 1984; Smith 1984) .
The "discrepancy" between lacustrine P limitation (e.g. Schindler 1977) and oceanic N limitation (Thomas 1966 ) in large part represents an improper comparison between primarily closed recycling of a confined system (the entire water column of a lake) and relatively leaky cycling of an unconfined system (the upper ocean). Fixed nitrogen accumulates in the confined system, but not in the unconfined system. If the more appropriate comparison is made between the confined lacustrine water column and the confined oceanic water column, the discrepancy does not exist: both are P limited.
We estimate that the North Pacific Gyre occupies about 25% of the area of the world's oligotrophic central ocean surface waters, and 15% of the surface area of the entire ocean. We therefore suggest that our model for N and P flux at this site in the gyre can be extrapolated to the oligotrophic ocean and represents a significant component of global oceanic N and P cycling (see also Jackson and Williams 1985) .
